We investigate quantum nanosensors based on hybrid systems consisting of semiconductor quantum dots and metallic nanorods in the near-infrared regime. These sensors can detect biological and chemical substances based on their impact on the coherent exciton-plasmon coupling and molecular resonances supported by such systems when they interact with a laser field. We demonstrate that the ultrahigh sensitivity of such molecular resonances on environmental conditions allows dramatic and nearly instantaneous changes in the total field experienced by the semiconductor quantum dot via minuscule variations of the local refractive indices of the quantum dot or nanorod. The proposed nanosensors can utilize quantum effects to control the sense (or direction) of the changes in the quantum dot emission, allowing us to have bistable switching from dark to bright states or vice versa via adsorption (or detachment) of biomolecules. These sensors can also offer detection of ultra-small variations in the local dielectric constant of the quantum dots or metallic nanorods via coherent induction of time delays in the effective field experienced by the quantum dots when the hybrid systems interact with time-dependent laser fields. This leads to unprecedented bulk refractive index sensitivities. Our results show that one can utilize quantum phase to control the coherent exciton-plasmon dynamics in these sensors such that introduction of a biomolecule can increase or decrease the time delay. These results offer novel ways to detect single biomolecules via application of quantum coherence to convert their impact into spectacular optical events.
Introduction
Metallic nanoparticles (MNPs) [1, 2] and semiconductor quantum dots (SQDs) [3, 4] exhibit unique optical, electronic, and magnetic properties which are highly sensitive to the perturbations of their local environments. In conventional nanosensors consisting of MNPs, target binding shifts the wavelength of the local surface plasmon resonance (LSPR) [5, 6] . On the other hand, the ability of SQDs to achieve multi-color detection makes them a suitable choice for sensitive and multiplexing applications in optical sensing. Some of the SQD-based optical sensors exploit the Förster (Fluorescence) resonance energy transfer (FRET). Such an energy transfer mechanism occurs when the light energy absorbed by SQDs (donor) is transferred to a nearby acceptor species, such as an organic fluorophore [7] , another SQD [8] , or a MNP [9] via non-radiative means. Recent research also includes significant efforts toward investigation of single-nanoparticle nanosensors with ultrahigh sensitivities allowing the detection of a single biomolecules [10] .
Conventional nanosensors, including those mentioned above, are based on intrinsic resonances of SQDs (excitons) and/or MNPs (plasmons). It has been shown that interaction between SQDs and MNPs induced by a laser field (coherent exciton-plasmon coupling) can lead to the formation of molecular resonances which are different from excitons and plasmons. These molecular like resonances, called plasmonic meta-resonances (PMRs) [11] , are formed via the quantum coherence generated in SQDs. The PMR causes there to be two different types (bistable states) of coherent exciton-plasmon couplings in SQD-MNP systems. In the time domain, the PMR is associated with the coherently induced time delay in the electric field felt by the SQD when the hybrid system interacts with a time-dependent laser field. When the intensity of the laser reaches a critical value, for specific geometrical and environmental specifications of the hybrid system, the time delay approaches infinity and the magnitude of the electric field felt by the SQD changes suddenly from a finite value to a much smaller one. The PMR is the resonance associated with these two states (meta-states) of the SQD-MNP system, referred to as bright and dark states based on the emission of the SQD.
In this paper we investigate how the ultrahigh sensitivity of the quantum coherence effects to the local dielectric constant (LDC) around the SQD or gold nanorod (GNR) can introduce a new horizon for the development of novel types of chemical, biological, and physical sensors. These sensors offer unprecedented options for optical detection of biological molecules which are purely refractive and are not able to absorb light to produce fluorescence or to detect absorption signals. One of the unique features of such quantum sensors is their capabilities to detect and distinguish adsorption or detachment of target molecules via quantumphase-dependent changes in the coherent exciton-plasmon coupling. Depending on the polarization of the laser system responsible for the generation of quantum coherence, such changes can lead to a positive or negative time delay in the coherent plasmonic field enhancement (CPFE) felt by the SQD, offering a fast, label-free, ultra-sensitive means for enhanced detection of molecules. We show that the CPFE can be significantly altered by a small change in the LDC around the SQD or MNP and, as a result, the fluorescence of the SQD can be enhanced significantly or totally suppressed. In other words, the proposed quantum nanosensors can convert a small increase or decrease in the concentration of chemical substances or number of biological molecules in the environment into dramatic optical events in the SQD-GNR system. Additionally, we show that such phase-dependent coherent processes allow detection of the introduction of biomolecules with a nearly instantaneous transition from a dark to bright state of the SQD or vice versa.
Note that a recent report by Sadeghi [12] has theoretically shown that the dynamics of metallic nanoparticle-quantum dot systems, when they are close to their PMR, can be significantly influenced by the environment. This report, however, did not address how these dynamics are influenced by quantum phase, as investigated in the present paper. Additionally, our paper for the first time, to our knowledge, shows how one can control the sense of the bistable transitions in SQD-GNR system (from lower level to upper level and or vice versa) induced by introduction of a stimulus using quantum-phase effect. Moreover, the systems studied in this paper (figure 1) offer unique coherent sensing applications and schemes that have not been studied before.
Theoretical background
In this paper we study nanosensors based on variation of the LDC around both the SQD and the GNR in both configurations in the SQD-GNR hybrid system. In practice, as shown on figure 1, appropriate functionalization with suitable receptors (e.g. biotin for biological molecules such as protein) can be applied on either the SQD or the GNR. This allows selective adsorption of target molecules, leading to changes in the LDC of the SQD or GNR. We study two configurations: a to-the-end or TTE (figures 1(a) and (c)) and a by-the-side or BTS (figures 1(b) and (d)). The electric field polarization is considered always parallel to the long axis of the GNR for both configurations. We study the optical behavior of such systems to a laser field under steady state and time-dependent cases and investigate under LDC changes how they are fundamentally different. The Figure 2 . Schematic representation of the hybrid system (SQD-GNR) unit. The semimajor axis and semiminor axis of the GNR are a and b, respectively with β(ω) polarizability. The SQD is considered as a two-level system and the semiconductor dielectric constant is ε s . The curved arrows illustrate the dipole-dipole SQD-GNR interaction. The dipole-dipole coupling is due to an applied external field E p which induces a polarization on both the GNR and the SQD. (a) The external probe field is parallel to the SQD-GNR axis (S a = 2); (b) the external probe field is perpendicular to the SQD-GNR axis (S a = −1).
structures of the quantum sensors are shown schematically in figure 2. These sensors consist of a single GNR coupled with a spherical SQD. The matrix holding these systems is considered to have a constant dielectric function while they are interacting with a time-dependent optical field (E p (t) = 1 2 E 0 p (t)e −iωt ). There are several properties of GNRs that make them suitable for sensing applications. These include the GNRs exhibiting plasmon resonances with peak wavelengths that lie in the near-infrared (NIR) range [13] . This range is particularly useful for biosensing, since background materials, such as blood and water, are relatively transparent at those wavelengths [14] . Additionally, the GNRs provide greater field enhancements than a spherical gold nanoparticle at comparable resonance frequencies and volumes [15] .
In our simulation, the GNR is treated classically with an induced dipole moment described by an energy-dependent scalar polarizability. This polarizability can be controlled by the shape, size and dielectric contrast between the metal nanostructure and the nonconductive environment. We model the GNR as an elongated spheroid [16] where the corresponding aspect ratio is q = a/b (see figure 2 ). The dipole polarizability can be written as:
In equation (1), κ is called the depolarization factor of the GNR, ε GNR (ω) and ε b−GNR (ω) are the dielectric constants of the GNR and the local background around it, respectively. In this study, since the amplitude of the incident electric field lies along the semimajor diameter (a), the depolarization factor is considered the same for both configurations (TTE and BTS). This factor is defined as [17] :
where e = 1 − 1/q 2 . We treat the SQD quantum mechanically with the energy of the laser field (hω) considered to vary about the transition between the ground and the first exciton state (the 1-2 transition). This energy lies in the vicinity of the plasmon peak of the GNR. The SQD is modeled as a two-level system with exciton frequency ω 21 , induced dipole moment µ 21 , and dielectric constant ε s . All time-dependent quantities representing the dynamics of the SQD are derived within the framework of the density matrix formalism and the rotating-wave approximation [18, 19] . These quantities consist of coherence terms (the off-diagonal elements) and the probability density of finding the SQD in the excited and ground state (the diagonal elements). We obtained the equation of motion for the density matrix of the SQD coupled to the GNR as [20] :
where ρ 22 and ρ 11 are the exciton populations in the SQD excited and the SQD ground states, respectively. ρ 21 is the amplitude of the off-diagonal density matrix element defined asρ 21 = ρ 21 e −iωt . 21 and γ are the spontaneous radiative decay rates of the excitons and the dipole dephasing, respectively. k = ω 21 − ω is the detuning of the driving field from the SQD resonance, and r 12 = µ 21 E SQD /2h is the effective or normalized Rabi frequency of the SQD.
The total electric field felt by the SQD (E SQD ) is equal to the sum of the applied external field (E p ) and the field produced by the polarization of the GNR. The internal field induced by the GNR has two contributions, the first one being the direct dipole interaction of the GNR due to the external field polarization and the second one being the indirect self-action of the SQD via the GNR. The second term shows the dependency of the field inside the SQD on its own dipole moment.
The normalized Rabi frequency can be written as [20] :
In the above equation, the first term shows the normalized Rabi frequency due to the external field and the induced dipole moment in the GNR. The second term presents a feedback parameter that includes the role of the quantum coherence on the field enhancement inside the SQD.
In equation (6) , ε eff = (ε s + 2ε b−SQD )/3ε b−SQD is called the screening factor; the electric field inside the SQD being reduced by this factor. The screening factor plays an important role in the sensing application context since it depends on the LDC of the background material around the SQD (ε b−SQD ) and the dielectric constant of the SQD (ε s ). R is center-to-center distance between the particles. The constant S a is the angular part of the dipole field Green's tensor that shows the electric field polarizations. Knowing the total normalized Rabi frequency one can define the coherent plasmonic field enhancement (CPFE) factor:
In equation (7), 0 12 = µ 21 E 0 /2hε eff is the Rabi frequency of the bare external field.
Light-emitting SQDs in the hybrid system can serve as an optical signal transduction method when the target molecules are attached to the nanoparticles. The emission intensities of SQDs strongly depend on the electric field experienced by them. In this paper we show how the variation of the LDC around the nanoparticles (the SQDs or GNRs) can cause an enhancement or suppression of the effective field experienced by the SQDs because of the coherent plasmon-exciton interaction. Optically, this process can be seen as a decrease/increase in SQD-exciton emission when the total field experienced by the SQDs decreases/increases. This allows us to discuss how the quantum nanosensors studied in this paper can perform as optical nanosensors for the detection of biological and chemical materials. In this paper we also investigate the optical response of the quantum nanosensor in both steady state and the time domain frame versus the LDC around each individual nanoparticle. In the time domain, depending on the system configuration, we show how a slight increase of the LDC will modify the time response in the total field experienced by the SQD (equation (6)). In steady state, however, we study the same response for the directional variation (increase/decrease) of the LDC for different values of laser detuning parameter, which means the laser frequency is slightly off from a SQD's resonant frequency (i.e. k = 0).
Quantum nanosensor structure and specifications
One of our objectives in this paper is to investigate quantum nanosensors based on the way variation of the LDC changes the coherent dynamics of SQD-GNR systems. We implement this via investigation of the way the coherent plasmonic field enhancement (CPFE) in SQDs is influenced by these dynamics. We hence study the response of the hybrid system to a time-dependent optical field as the LDC is changed. We consider the two cases shown in figures 1(a) and (b) when the GNR is functionalized for both TTE and BTS configurations. In these cases the LDC around the GNR increases slightly. Also, we study the cases where the targets are gathered around the functionalized SQD and increases the LDC around it slightly (figures 1(c) and (d)). For both TTE and BTS configurations we show the ultrahigh sensitivity of the PMR to the LDC around each individual particle, i.e. ε b−SQD and ε b−GNR .
In our calculations, we consider that the intensity of the incident laser field (I) has a step rise at a given time (5 ns on the scale) and after the rise the intensity flattens at a constant value. We assume the polarization of this field is parallel to the axis of the GNR (longitudinal polarization) for both configurations (figure 2). As seen in figures 2(a) and (b) the polarization of the laser field is parallel and perpendicular to the hybrid system axis for S a = 2 (TTE) and S a = −1 (BTS), respectively. For each orientation the center-to-center distances between the SQD and GNR along with the values of laser intensities are taken to be specific values to put the hybrid system on the verge of its PMR. For S a = −1 and S a = 2, R = 21 nm and R = 26 nm, respectively. In the time domain calculations, we assume the laser is resonant with the fundamental exciton transition of the SQD (i.e. k = 0). The reference dielectric constant of the background material around the hybrid system is ε b = 1.77 (water). As mentioned in the preceding part we simulated our GNR to be a spheroid with an aspect ratio q, where its minor radius is b = 5 nm. It is known that the optical properties of the GNR can be tuned by varying the aspect ratio of the GNR [13] . Choosing a suitable value of the aspect ratio is therefore a key element for obtaining an efficient value of light and GNR coupling. As seen in equation (1) the polarizability (β(ω)) is a complex Lorentzian function that includes all the information of environmental and geometrical properties of the GNR. One can easily plot the real and imaginary part of β(ω) versus the aspect ratio (q). It is seen that the imaginary part of polarizability is maximized at q = 3.77, where we have a maximum absorption. For this value of aspect ratio the GNR has a high field enhancement confined only to the tips of the rod in a near-infrared (NIR) region energy. Therefore, the dielectric constant of GNR is taken to be ε GNR = −20.23 + i1.27, which is the bulk dielectric constant for gold as found experimentally at an energyhω = 1.64 eV [21] .
The SQD can be considered as CdTe/CdS [22] , which has an exciton resonance energy (ω 21 ) in the NIR region. The dielectric constant and dipole moment of the SQD are taken as ε s = 6 [23] and µ = 0.7e nm [24] , respectively. The typical values for the radiative decay rate and the dephasing width parameter are 21 = 1.25 ns −1 and γ = 2.7 ns −1 , respectively [25] . To calculate the CPFE, the coherence terms (ρ 21 and ρ 12 ) are obtained by solving equations (3)- (5) numerically.
Quantum nanosensors based on coherent time delay
In this section we first show a clear picture of the mechanism responsible for formation of PMRs, i.e., time delay in the response of a SQD to a time-dependent optical field via coherent plasmonic effects. To do this in figure 3 , for the BTE case (S a = 2), ε b−GNR = ε b−SQD = 1.7700 and I = 55.5 W cm −2 , we plot the Rabi frequency associated with the external field ( 0 12 ) when the SQD is isolated or very large R (dashed line) as well as the absolute value of the normalized Rabi frequency (| r 12 |) in the presence of the GNR for R = 26 nm (solid line). As seen in figure 3, 0 12 indicates the form of the applied field with a step rise at 5 nm. In this case the field experienced by the SQD has the same form as the applied field. By decreasing R to 26 nm, | r 12 | ramps up with a distinct delay in the response of the SQD (≈57 ns) due to the coherent plasmonic effects. Note that the suppression in the | r 12 | profile is a sign of a PMR. To study the significance of the LDC variation (ε b−SQD and ε b−GNR ) on the coherent plasmonic field enhancement (CPFE) response to the time-dependent incident laser beam, in figure 4 we show how P coh z (ω), defined in equation (7), changes with time. Here, to demonstrate the impact of the quantum coherence on the CPFE in the SQD, we also compare the results with the case where the center-to-center distance between the SQD and GNR is large and therefore the effects of quantum coherence have vanished (bare SQD). The long-dashed line in figures 4(a) and (b) shows that for this condition (R = 100 nm), P coh z (ω) is basically equal to unity, i.e., no significant field enhancement occurs. However, when the center-to-center distance between particles along with the correspondent intensity reaches its critical value, we approach molecular resonance (PMR) of the hybrid system and the field enhancement is altered significantly.
In figure 4 (a) for S a = −1 (BTS), R = 21 nm and I = 65.38 W cm −2 , we show the CPFE time response for different values of ε b−GNR , keeping ε b−SQD constant (functionalized GNR). In this figure, for ε b−GNR = ε b−SQD = 1.7700 (solid line), we face an infinite time delay in the CPFE response to the laser field (solid line). This suggests that under these conditions the CPFE is delayed by a long time from the applied field rise time. It is interesting to note that during the time delay the normalized Rabi frequency experienced by the SQD ( r 12 ) is screened and therefore P coh z (ω) completely suppressed. Note that the abrupt decline of enhancement factor is a sign of a PMR. For the other lines, the dielectric constant around the GNR are increased as ε b−GNR = 1.7701 (dotted line), 1.7702 (dashed line) and 1.7703 (dash-dotted line). As seen in this figure by increasing ε b−GNR the time delay decreases and the field enhancement factor ramps up sharply after the time delay about 10. As an example, when ε b−GNR changes from 1.7701 to 1.7702, the time delay changes from ∼460 ns (dotted line) to ∼320 ns (dashed line), respectively. Please note that in figures 4(a) and (b), one might expect to see the same results for ε b−GNR = ε b−SQD = 1.7700 (solid lines) when either the GNR or the SQD are functionalized, however, the results are very different: an infinite time delay in one case and a finite delay in the other. Here we should emphasize that the intensity of the applied laser source plays a key role to put the purposed nanosensor on the verge of this bistability. Therefore even a slightly different value in the intensity of the laser field (I = 65.38 W cm −2 for the functionalized GNR and I = 65.55 W cm −2 for the functionalized SQD) is enough to change the state of the system. These results show that when target binding materials attach to the GNR, the field experienced by the SQD changes significantly. As mentioned, the enhancement field causes a modification of the exciton emission rate in the SQD and the energy transfer efficiency between the SQD and GNR. This switch-like behavior leads to a change in the emission process by the SQD from a dark to an enhanced fluorescence (bright) state. These results also show that how the CPFE has a bistable behavior in time, by minute changes of the LDC according to the emission of the SQD. Also a SQD-GNR hybrid system, as a single quantum nanosensor, can lead to significant bulk refractive sensitivity on the order of 1 × 10 −6 RIU ns −1 .
To study quantum nanosensors based on the functionalized SQDs we also studied the situation when the target molecules are gathered around the SQD by keeping the LDC around the GNR constant at ε b−GNR = 1.7700 (see figures  1(c) and (d) ). Another interesting result is the existence of an opposite trend when the target binding molecules gather around the SQD. In this case, as shown in figure 4(b) , the CPFE profile appears differently when ε b−SQD varies for a constant value of ε b−GNR . For S a = −1, ε b−GNR = ε b−SQD = 1.7700 and critical value of I = 65.55 W cm −2 there is a finite time decay to have an overshoot in the CPFE (∼210 ns); however, the time delay increases and reaches infinity by increasing ε b−SQD . Consequently, depending on the accumulation of the binding molecules on each individual nanoparticle the hybrid system can be applied as a ultrahigh sensitivity fluorescence-based sensors. We also performed our simulation for the CPFE profile with time for different values of ε b−SQD and ε b−GNR for the TTE (S a = 2) configuration. In this case the trend was almost the same as figure 4(b) for both the functionalized GNR and SQD. Note that the sensitivity of the CPFE in the SQD relative to a change in ε b−SQD is one order of magnitude less than in the preceding case.
To show the impact of the system orientation on time delay in the CPFE with variation of the LDC around the GNR (ε b−GNR ), in figure 5 we show this quantity as a function of ε b−GNR for both BTS (S a = −1) and TTE (S a = 2) configurations. As seen in this figure around the PMR, the time delay in the CPFE response is opposite for both configurations. In the case of BTS (solid line) for ε b−GNR = ε b−SQD = 1.7700 and I = 65.38 W cm −2 the time delay is very large, however, the time delay declines sharply with a slight increase of ε b−GNR . In the case of the TTE configuration (dashed line) for R = 26 nm and I = 55 W cm −2 , the time delay behavior is totally reversed. This means that the time delay in the CPFE rise increases sharply with a slight increase of ε b−GNR . We also calculated the cases for functionalized SQDs, where ε b−GNR is considered to be constant for both BTS and TTE configurations. The results show that, for both cases around the PMR, by slightly increasing ε b−SQD the time delay increases dramatically and reaches infinity eventually.
Environmentally triggered optical switches with quantum-phase controlled senses
To show the switching/sensing ability of purposed nanosensors in steady state for both TTE and BTS configurations, we investigate the impact of environmental variations on the PMR when the LDC around each individual nanoparticle increases or decreases. For this we simulate the CPFE versus the LDC (ε b−GNR and ε b−SQD ) for different values of the laser detuning parameter ( k ), i.e. when the laser frequency is slightly off from a SQD's resonant frequency. These calculations show how the SQD-GNR systems respond to ultra-small LDC variations in the steady state when all transient behaviors have vanished. Also here we show the flexibility of the purposed quantum sensors for converting minuscule changes in the environment caused, for example, by introduction of a single biomolecule, into dramatic optical events. The sensing of these events can be controlled via quantum phase and, therefore, one can induce transition from the dark to bright state for the SQD and vice versa with a given change in the environment.
In figure 6 (a), for S a = −1 (BTS), I = 65.5 W cm 2 and ε b−SQD = 1.7700, we studied the CPFE for a wide interval of ε b−GNR from 1.6 to 2.2. Here we investigate the configuration depicted in figures 1(a) and (b) when the LDC around the GNR is changed (functionalized GNR). Initially depending on the values of k , as ε b−GNR increases, the CPFE is small until ε b−GNR approaches a critical value. After this value the CPFE rises abruptly, reaching a maximum value, then starts to decrease monotonically with a further increase of ε b−GNR . Figure 6 (a) shows as well that the critical values of the LDC depend on the value of k . Those values are 1.77, 1.76 and 1.74 for k = 0 (solid line), k = 5 (dotted line) and k = 10 (dashed line), respectively. In figure 6(b) , however, the trend is completely opposite. In this case, for S a = 2 (TTE), I = 55 W cm −2 and ε b−SQD = 1.7700, by increasing ε b−GNR from 1.66, the CPFE reaches a maximum value monotonically until ε b−GNR approaches a critical value, then drops suddenly to a small value. Here, the critical values are centered about ε b−GNR = 1.763, 1.770 and 1.774 for k = 0 (solid line), k = 5 (dotted line) and k = 10 (dashed line), respectively. These results show directional switching processes with opposite sensing. As seen in figure 6(a) (BTS), with the increase of the LDC, the CPFE increases abruptly, suggesting a transition from a dark to a bright state. In the case of figure 6(b) (TTE), however, an increase of ε b−GNR leads to a significant reduction of the CPFE in the SQD. We also study sensing based on optical bistable transitions of the SQD in the case of a functionalized SQD in a hybrid system (figures 1(c) and (d)). Figures 7(a) and (b) show the variation of the CPFE versus ε b−SQD for different values of k when the LDC around the GNR is taken to be constant (ε b−GNR = 1.7700). The results here suggest rather different features in the total field experienced by the SQD compared to the preceding case. These include: (i) nearly constant CPFE before or after the switching process without any rolling off feature as seen in figure 6 , and (ii) the dependency of the critical dielectric constant on the detuning parameter is significant. In fact, in figures 7(a) and (b) the critical values of ε b−SQD for k = 0 (solid line) are 1.770 and 1.770, for k = 5 (dotted line) are 1.822 and 1.819, and for k = 10 (dashed line) are 1.858 and 1.850, respectively.
Conclusions
We introduced novel quantum sensor-switches in the infrared regime based on the exciton-plasmon interactions of SQD and GNR hybrid systems. Our sensor is highly sensitive and can detect chemical substances or the number of biological molecules in the environment which are purely refractive and not able to absorb light to produce fluorescence or direct absorption signals. The main foundation of these nanosensors is based on the molecular states of SQD-GNR systems when they interact with a laser field. We utilized the strong dependences of such states on the geometrical parameters, intensity of incident light and the LDC around each individual nanoparticle (i.e. SQDs and GNRs). In the proposed quantum nanosensors, we utilize the impact of the LDC on the molecular resonances of SQD-GNR systems to show how small changes in the LDC could lead to dramatic changes in the time delay in the electric field experienced by the SQD. This time delay variation leads to the achievement of a nanosensor switch. We studied two possible (to-the-end and by-the-side) configurations of the hybrid system. For example, in the case of by-the-side configuration, depending on the intensity of the laser field, the time decay response to the optical properties of the system can increase or decrease with a slight increase of the LDC around the nanoparticles. We also investigate the optical sensitivity of the hybrid system in steady state versus the wide range of variation of the LDC. The unprecedented feature of the purposed quantum nanosensors is that in steady state they can have a directional optical response to the incident laser beam either by increasing or decreasing the LDCs. Taking advantage of the new optical properties achieved by the combination of SQDs and GNRs as a quantum nanosensor, it can be tailored for the detection of a wide variety of different chemical and biological molecules.
